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We describe what is to our knowledge the first use of fiber Bragg gratings written into three separate cores
of a multicore fiber for two-axis curvature measurement. The gratings act as independent, but isothermal,
fiber strain gauges for which local curvature determines the difference in strain between cores, permitting
temperature-independent bend measurement. © 2003 Optical Society of America
OCIS codes: 060.2370, 060.2310, 060.2300, 060.2340, 060.0060.Optical fiber Bragg grating (FBG) sensors are now well
established, in particular as strain gauges for struc-
tural monitoring in civil, marine, and aerospace appli-
cations.1 Their small size, which allows them to be
embedded within the structure, and their ease of mul-
tiplexing give them important advantages compared to
electrical strain gauges. Often strain measurements
within such structures are used to determine struc-
tural deformation; bending is inferred from the mea-
sured strain.2 Local stress concentrations within the
structure can affect the measured strain and therefore
limit the accuracy of the inferred bend measurement.
Temperature-insensitive curvature measurement with
FBG strain gauges has been demonstrated by bond-
ing of two FBGs to opposite sides of the beam.3 The
bend measurement is dependent on the strain trans-
fer between the structure and FBG strain gauges, on
the thermal gradient across the beam, and on precise
knowledge of the gauge locations.
Bending is differential strain. Thus an ideal
bending sensor would compromise identical gauges
infinitesimally separated. The system described
in this Letter more closely approximates that ideal
than two separate fiber strain gauges, for which the
separation is greater and differences in strain transfer
or temperature lead to errors.
One-axis optical f iber curvature sensors have been
reported based on the measurement of attenuation
caused by bending losses.4 In the spectral domain,
the wavelength and attenuation changes5 and res-
onance mode splitting6 of optical f iber long-period
gratings have been demonstrated to be sensitive to
one-axis curvature. However, the number of sensors
that can be multiplexed along a single f iber is lim-
ited; multiple sensors are required for two-axis bend
measurement on extended structures.
Two-axis curvature sensors have been demonstrated
by differential strain measurement, by interferome-
try, between cores of a multicore f iber (MCF).7,8 In
this case the bending is inferred from measurement of
strain in the cores of the MCF. The MCF accurately
defines the core separation and promotes good thermal0146-9592/03/060387-03$15.00/0stability between cores as a result of the small separa-
tion. However, multiplexing interferometric sensors
is more complicated than for FBG sensors.
Recently we demonstrated one-axis bend measure-
ment by use of FBGs as strain gauges in two cores
of a MCF,9 combining the advantages of FBG strain
gauges with the excellent mechanical properties of
multicore bend sensors. Recently two-axis curvature
measurement was reported: three single-mode fibers
were stacked with FBG strain gauges in a triangular
configuration.10 However, creep in the glue between
strain gauges may limit the long-term stability of
such a sensor, and a smaller overall sensor diameter
is desirable.
We report two-axis curvature measurement with
FBGs in three separate cores of a MCF. All three
FBGs were written into the f iber simultaneously,
simplifying fabrication of the sensor. As all three
FBGs are within a single MCF, the sensor will exhibit
improved isothermal behavior, permitting its use
in thermally uncontrolled environments. In each
grating the ref lected Bragg wavelength depends on
temperature and axial strain. Thus the difference
between the wavelength shifts in each grating reveals
the differential strain and hence the curvature. In
an environment in which temperature is constant,
the average wavelength shift yields the mean axial
strain. Conversely, if the mean axial strain is zero,
the average wavelength shift will yield the tempera-
ture. Because the cladding diameter of the MCF is
comparable to that of standard single-mode fiber the
MCF can be embedded within a composite material
for smart-structure applications. This sensor has
the potential for direct shape sensing of structures by
multiplexing a number of curvature sensors along the
MCF.
The MCF was developed by France Telecom for ap-
plications in telecommunications and is single mode at
1550 nm.11 The fiber consists of four cores arranged
in a square with a core separation of 44 6 1 mm and
an outer diameter of 124 6 1 mm [Fig. 1(a)]. To mea-
sure curvature, one can consider the separate cores© 2003 Optical Society of America
388 OPTICS LETTERS / Vol. 28, No. 6 / March 15, 2003Fig. 1. (a) Cleaved face of a multicore fiber; (b), (c), (d)
unstrained FBG ref lection spectra for cores 1, 2, and 3,
respectively.
as independent strain gauges separated by a fixed
distance d. Consider one-axis bending in a plane
containing two cores, where d is the core separation.
Thus, when the fiber is bent with radius of curvature
R, the strain difference between the cores is given by
De  e1 2 e2  dR. One can therefore determine
two-axis bending by measuring the strain differences
among the three cores of the MCF. Therefore mea-
surement of the wavelength difference among FBG
strain gauges in three cores provides a direct two-axis
curvature measurement, independently of applied
axial strain or temperature.
We photosensitized the MCF by H2 loading, and
FBGs were written into three cores simultaneously
by exposure through a phase mask with a 255-nm
frequency-doubled copper-vapor laser. The ref lectiv-
ities of the three gratings varied as a result of the
rotational alignment of the fiber relative to the UV
laser beam during writing.
A multicore-to-single-core fiber fan-out was fabri-
cated to interrogate each core of the MCF indepen-
dently. We constructed it by reducing the diameters of
four single-core single-mode fibers, using hydrof luoric
acid, and arranging them in a square shape to match
the core spacing of the MCF. The insertion losses of
the resultant joint were measured to be 1.2, 0.2, and
1.6 dB. The MCF containing the FBGs was connected
to the fan-out MCF by an adhesive bonded splice.
Figure 2 is a schematic of the experiment to ap-
ply bending and measure the FBGs ref lection spec-
tra. The bending test rig comprised a cantilever beam
formed by a stainless-steel capillary of outer diameter
1.6 mm and inner diameter 0.25 mm. We measured
the grating length to be 9 6 1 mm by scanning a hot
probe along the fiber and observing the distortion of
the grating’s spectrum. The buffer of the fiber was
removed, and 100 mm of f iber was housed inside the
capillary tube. The fiber was f ixed to the capillary at
one end with an arbitrary azimuthal orientation. The
grating center was located 6 6 1 mm from the fixed
end of the cantilever beam. The cantilever was dis-placed by two orthogonal micrometers acting on the
capillary via an interface plate, which provided simple
support to ensure pure transverse loading; the load
was applied 86 mm from the fixed end.
This cantilever configuration was chosen to permit
small curvatures to be applied independently along two
axes. This arrangement does not produce constant
strain along the length of the f iber; however, the me-
chanical behavior is well known. Assuming that the
cantilever beam def lection is small, the curvature at
a distance z from the fixed end of the cantilever is
given by
1
R
 k 
3l 2 z
l3
nl (1)
for displacement nl at loading point l from the fixed end
of the cantilever.12 For the configuration described
here the curvature varies by 11% along the length of
the FBG; this corresponds to a maximum strain varia-
tion of 5 me for nl  4 mm. The nonuniform strain
along the FBGs will distort their ref lection spectra;
however, the magnitude of this effect is negligible for
the applied curvatures.
The gratings were illuminated sequentially with an
erbium broadband source (BBS, Fig. 2) with a band-
width of 35 nm and an output power of 30 mW. The
ref lection spectra (Fig. 1) were measured with an opti-
cal spectrum analyzer (OSA, Fig. 2) with a resolution
of 0.01 nm. For this research the FBGs were mea-
sured separately for simplicity; however, for practical
sensing applications the fan-out allows all three cores
to be measured simultaneously with a suitable wave-
length demodulation technique.
To investigate the bend sensitivity of the FBGs, f irst
we made measurements of bending in the horizontal
and vertical planes separately. The cantilever beam
was displaced in steps of 0.5 mm, up to a maximum
of 4 mm, along the X and Y axes separately. The
cantilever was then returned to the start point in steps
of 1 mm. At each bend set point the ref lection spectra
were recorded and the three FBG wavelengths were
determined by a quadratic fit to the most prominent
ref lection dip for the two strong FBGs and to the peak
of the weak FBG. The wavelength difference between
cores, Dlij  li 2 lj for i, j  1, 2 and i, j  2, 3, was
calculated for X-axis bending and Y -axis bending and
is plotted in Figs. 3(a) and (b), respectively; a linear
least-squares f it to the wavelength versus curvature is
also plotted. The azimuthal orientation of the sensor
was determined from the arctangent of the ratio of the
wavelength sensitivity with curvature for bending in
X to bending in Y to be 216.3±, 220.1±, and 215.6± for
i, j  1, 2; i, j  2, 3; and i, j  1, 3, respectively.
Fig. 2. Schematic of experimental configuration used for
curvature measurements.
March 15, 2003 / Vol. 28, No. 6 / OPTICS LETTERS 389Fig. 3. Measured wavelength difference versus applied
curvature for X-axis and Y-axis bending with a linear
least-squares f it (return points D): (a) core pairing
i, j  1, 2; (b) core pairing i, j  2, 3.
Fig. 4. Measured curvature for set values ± on a
0.1887-m21 grid: increasing 1 and decreasing D
curvature.
The wavelength difference can be described by a gen-
eral linear relationship in terms of curvature kX and
kY by use of two of the three core pairings, shown here
for i, j  1, 2 and i, j  2, 3:
∑
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∏
, (2)
where cij is the constant absolute wavelength differ-
ence between FBGs and we determine the transforma-
tion coeff icients p, q, r, and s by performing a linear
least-squares fit to the measured curvature response.
We used the mean of the intercept for the linear f it to
X- and Y -axis bending to determine cij for each core
pairing. Relative bending in the X and Y axes can
then be determined by inverse matrix transformation.
We used the inverse transformation to determine
kX and kY from measured values of Dl12 and Dl23
for bending in the X axis and in the Y axis and for
combined bending in X and Y . Measurements were
taken at selected points on a grid of pitch 0.1887 m21
(i.e., a 0.5-mm displacement); the set point and the
measured points are shown in Fig. 4. The rms de-
viation between the set and the optically measured
curvatures was calculated to be 0.0579 m21 in X
and 0.0284 m21 in Y . We believe that the measured
accuracy was limited primarily by errors associatedwith determining the wavelength shift of the FBGs.
The rms of the measured wavelength difference was
calculated to be 1.6 pm, which produced an associated
curvature error of 0.047 m21. Improved azimuthal
control of the fiber during the FBG writing process
will allow us to improve the uniformity of the FBG
spectra and to use higher-resolution wavelength mea-
surement techniques. Mechanical control of the fiber
and the set-point accuracy will also affect the mea-
sured curvature. Finally, as the sensor is mounted
strain free, the temperature may also be measured
simultaneously by use of the absolute wavelength
shift, as was demonstrated previously.9,10
We have successfully demonstrated the use of a
multicore optical fiber containing three FBGs for cur-
vature measurement about two axes simultaneously.
The sensor measures the magnitude and the plane of
curvature.
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